The central Nova Scotia margin off Eastern Canada is located at a transition from a volcanic margin in the south to a non-volcanic margin in the north. In order to study this transition, a wide-angle refraction seismic line with dense airgun shots was acquired across the central Nova Scotia margin. The 500-km-long transect is coincident with previous deep reflection profiles across the Lahave Platform and extending into the Sohm Abyssal Plain. A P-wave velocity model was developed from forward and inverse modelling of the wide-angle data from 21 ocean bottom seismometers and coincident normal-incidence reflection profiles. The velocity model shows that the continental crust is divided into three layers with velocities of 5.5-6.9 km s −1 . The maximum thickness is 36 km. A minor amount (∼5 km) of thinning occurs beneath the outer shelf, while the major thinning to a thickness of 8 km occurs over the slope region. The seaward limit of the continental crust consists of 5-km-thick highly faulted basement. There is no evidence for magmatic underplating beneath the continental crust. On the contrary, a 4-km-thick layer of partially serpentinized mantle (7.6-7.95 km s −1 ) begins beneath the highly faulted continental crust, and extends ∼200 km seawards, forming the lower part of the oceancontinent transition zone. The upper part of the transition zone consists of the highly faulted continental crust and 4-to 5-km-thick initial oceanic crust. The continent-ocean boundary is moved ∼50 km farther seawards compared to an earlier interpretation based only on reflection seismic data. The oceanic crust in the transition zone consists of layer 2 and a high-velocity lower crustal layer. Layer 2 is 1-3 km thick with velocities of 5.6-6.0 km s −1 . The high-velocity lower crustal layer is 1-2 km thick with velocities of 7.25-7.4 km s −1 , suggesting a composite layer of serpentinized peridotite and gabbroic layer 3. Oceanic crust with normal thickness of 5-7 km and more typical layer 3 with velocities of 6.95-7.3 km s −1 is observed at the seaward end of the profile.
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6 6°W 6 4°W 6 2°W 6 0°W 5 8°W 5 6°W 5 4°W 5 2°W 38°N Grand Banks L a u r e n t i a n C h a n n e l (National Geophysical Data Center 1988) . The centre of the East Coast Magnetic Anomaly (ECMA) is marked by a dashed grey line (after Keen & Potter 1995b) . Shaded area indicates the location of the Jurassic salt of the Slope Diapiric Province (after MacLean 1991) . Magnetic lineations are shown as solid lines (Klitgord & Schouten 1986) . Earlier seismic refraction lines 78-3, 5 (Keen & Cordsen 1981) are indicated by thin solid lines. Relevant MCS reflection lines in the study area are shown as dashed lines: lines 86-5A, 5B (Marillier et al. 1989) ; lines 88-1, 1A (Keen et al. 1991b) , lines 88-2, 3, 4 (Keen et al. 1991a) , lines 79-109, 89-11 and 89-12 (unpublished data by the German Federal Agency of Natural Resources and Geosciences, BGR), lines 89-3, 4, 5 (Keen & Potter 1995a) ; line 89-1 (Keen & Potter 1995b) . The Cobequid Chedabucto fault (CCF) is shown as bold solid lines and arrows indicate the sense of displacement. Abbreviations are NS, Nova Scotia; NEC, Northeast Channel. northwards and eventually disappears within the northern margin offshore Sable Island. The northern margin has been classified as a non-volcanic rifted margin without SDR sequence on line 89-1 (Keen & Potter 1995b) . However, in the central segment of the Nova Scotia margin, the magnetic anomaly is still pronounced (∼200 nT), but there is no evidence for a SDR sequence on line 88-1A (Keen et al. 1991b) unless it is obscured by salt. The concurrence of magnetic and seismic signatures leads to an ambiguous character for the central margin segment.
In order to understand what controls the transition from volcanic margins to non-volcanic margins, the SMART (Scotian MARgin Transects) refraction seismic experiment ( Fig. 1 ) was designed to image the along-strike variation in crustal structure at the transition from a volcanic to a non-volcanic style of rifting. Three wide-angle seismic refraction profiles (Lines 1-3) were acquired in 2001. Line 1 shows that the northern margin segment has an OCT zone of a highly serpentinized upper layer overlying a partially serpentinized lower layer, separating the highly thinned continental crust and oceanic crust by over ∼70 km of exposed mantle rocks . The results indicate that the northern Nova Scotia margin is nonvolcanic. However, it is unknown if this is still valid for the central part of the margin. This paper presents the results of Line 2 (Fig. 1 ). This line crosses the Lahave Platform and extends into the Sohm Abyssal Plain. Close to the coast, Line 2 runs parallel to a multichannel seismic (MCS) reflection line 88-1 and farther seawards it coincides with MCS line 88-1A (Keen et al. 1991b) and an unpublished line 89-11 acquired by the German Federal Agency of Geosciences and Natural Resources (BGR), forming a 500-km-long composite profile from the continental shelf to the deep ocean basin. The velocity model constrained by the wide-angle refraction data and the coincident MCS reflection profiles provides detailed information about crustal thinning and the ocean-continent transition. In this paper, we will show that the resulting velocity model also indicates a non-volcanic character across the central margin segment and therefore, that most of the Nova Scotia margin is primarily non-volcanic.
G E O L O G I C A L S E T T I N G
The Nova Scotia margin off Eastern Canada was formed within the Appalachian Orogen by the separation of Africa from North America during the Mesozoic break-up of Pangaea (Klitgord & Schouten 1986; Wade & MacLean 1990) . Onshore, the basement of southern and central Nova Scotia consists of the Meguma terrane, intruded by granitoid rocks (Williams 1979; Keppie 1989) . The Cobequid Chedabucto fault (CCF, Fig. 1 ) through the central Nova Scotia peninsula separates the Meguma terrane from the Avalon terrane to the north (Barr & Raeside 1989) . Rifting of the Nova Scotia margin began in the Middle Triassic to Early Jurassic (230-175 Ma) (Welsink et al. 1989) , followed by Jurassic seafloor spreading (Klitgord & Schouten 1986) . The spreading rate for the initial opening until magnetic anomaly M21 is ∼20 mm/year (Klitgord & Schouten 1986) . Across the southern and central Nova Scotia margin, the Lahave Platform occupies the outer shelf and continental slope area, with the Shelburne Basin located on the continental slope. In contrast, across the northern margin segment, the Sable Basin with a thick wedge of both syn-and post-rift sediments is situated beneath the outer shelf. The oldest syn-rift deposits in the Sable Basin are non-marine Triassic redbeds, which are generally found between fault blocks (Wade & MacLean 1990) . These are overlain by shallow marine sediments of Late Triassic-Early Jurassic age, including the extensive salt diapirs (Argo Formation) in the Slope Diapiric Province ( Fig. 1 ; Welsink et al. 1989) . The continentocean boundary is generally located seawards of the salt front (Keen et al. 1991b; Keen & Potter 1995a,b) , except for the northern Nova Scotia margin where the salt front moved seawards (Sahabi et al. 2004; Shimeld 2004 ) during the upper Jurassic in response to Avalon uplift (Wade 1981) .
S E I S M I C E X P E R I M E N T

Data acquisition and processing
The wide-angle reflection/refraction seismic experiment was carried out onboard CCGS Hudson in 2001. Three lines were acquired cross the Nova Scotia margin (Fig. 1) . The northern profile (Line 1) transects the Scotian Basin off Cape Breton Island. The middle profile (Line 2) extends from the Lahave Platform into the Sohm Abysmal Plain. The southern profile (Line 3) crosses the southwestern part of the margin near Georges Bank.
The seismic source was a tuned airgun array with a total volume of 104 L, consisting of 12 individual guns whose volumes range from 2.6-16.4 L. The airgun array was fired once a minute at an average ship's speed of 4.3 knots, resulting in an average shot spacing of 134 m. 21 ocean bottom seismometers (OBS) were deployed along Line 2 (Fig. 2) . All the OBS were equipped with one hydrophone and three 4.5 Hz geophones. Instrument spacing varies from 32-40 km on the shelf (OBS 1-5) to 18-26 km farther seawards .
OBS and shot locations were determined by the Global Positioning System (GPS). Water depths along the profile were recorded by the ship's echosounder. A velocity-depth profile was derived from a conductivity, temperature and depth (CTD) measurement at 40
• 30.86 N, 59
• 41.42 W, near the southeastern end of Line 2. The CTD measurement was only conducted down to a depth of 2 km; downward extrapolation of the depth-velocity function was applied for greater depths.
Raw OBS data were downloaded and converted to SEGY format. Corrections for gun offset, gun delay and OBS clock drift were applied. The OBS positions at the seafloor are recalculated to fit the observed direct wave arrivals. All the data were debiased and filtered by a 5-10 Hz bandpass filter.
Methodology
A 2-D velocity model was developed using the program RAYINVR (Zelt & Smith 1992; Zelt & Forsyth 1994) . Initially, a model was developed by forward modelling of observed traveltimes. Later, the forward model was refined by using the inversion algorithm of the program. The velocity model was primarily constrained by the OBS data. The bathymetry obtained by the ship's echosounder was used to define the seafloor geometry in the velocity model. The coincident MCS lines 88-1, 88-lA (Keen et al. 1991b ) and 89-11 have been used to constrain the sedimentary layer boundaries and the detailed basement surface where the OBS data were not sufficient to determine the small-scale geometry. Sonic well-log data over the shelf and shallow slope were also used to constrain the sediment and uppermost basement velocities. A total of four wells (BASIN database, Geological Survey of Canada, Dartmouth, Nova Scotia, Canada) were used for comparison and calibration, with the maximum depth of 5.8 km at Acadia K-62 (Fig. 2) . The baseline for the 2-D velocity model was defined by the shooting line. The northwestern-most shot marks the start of the model and the southeastern-most shot defines the seaward end of the model. All the OBS locations and MCS sections (lines 88-1, 88-1A and 89-11) have been projected onto the baseline.
Data analysis
Record sections for OBS 1, 6, 11, 14 and 18 are shown in Figs 3-7, representative of the wide-angle data acquired along Line 2. Additional record sections are also included in Appendix A, including OBS 2, 5, 7, 8, 10, 15, 17 and 21 . The horizontal distances in all these figures are relative to the starting point of the model. (Fig. 8) . Shot-receiver distance (offset) is also shown above the record section. The vertical scale in the record section is traveltime in seconds, displayed with a reduction velocity of 7.0 km s −1 . Numbers in the ray path diagram are P-wave velocity in km s −1 . Labels are defined in the text. The noise band in the data section at offset ∼120 km is noise from previous shots.
The phase nomenclature is based on the interpretation of individual layers in the velocity model. Refractions from the sedimentary layers S 1 through S 7 are named P s1 through P s7 . The reflections from the base of each of the sedimentary layers are denoted as P s1 P through P s7 P, except for the reflection from the basement, which is labelled P b P. P c1 , P c2 and P c3 are refractions from the upper, middle and lower continental crust, respectively; P c1 P and P c2 P are the mid-crustal reflections. Refraction and reflection from the oceanic layer 2 are labelled P L2 and P L2 P, respectively. The layer beneath layer 2 has anomalously high velocities. This layer is referred to as high-velocity lower crust (HVLC); its refraction and reflection are specifically named P HVLC and P HVLC P, respectively. A layer underneath both continental and oceanic crust is later interpreted as partially serpentinized mantle (PSM); its refraction is labelled P n1 . Refraction from the 'normal' (i.e. unserpentinized) mantle is named P n . The reflections from the top boundaries of the serpentinized and unserpentinized mantle are marked as P m1 P and P m P, respectively.
On the landward-most station OBS 1 (Fig. 3) , P c1 is imaged, but P c2 and P c3 are weak and difficult to identify. Moho reflection (P m P) and mantle refraction (P n ) are also observed, although the latter is less clear. OBS 6 (Fig. 4) is located ∼20 km seawards of the shelf edge. On this record section, P c1 , P c2 and the corresponding reflections P c1 P and P c2 P are observed. Moho reflection (P m P) is imaged at far offsets. Mantle refraction (P n ) is less clear but identifiable at far offsets around −120 km.
OBS 11 is located at the seaward edge of the salt diapir structure (Fig. 5) . Refractions from the salt units (P s6 ) are observed. The P c1 phase is disturbed by the irregular geometry of the salt diapirs (S 6 ). The P c2 phase is not imaged on this section. The P c3 phase is imaged but on the SSE side it suddenly terminates at offset ∼50 km. Mantle refractions (P n ) are observed at far offsets.
OBS 14 (Fig. 6 ) is sited at the seaward edge of a series of faulted basement blocks (FB) imaged by coincident MCS data (Keen et al. 1991b) . On the NNW side, P c1 appears as first arrivals between offsets −18 and −25 km with phase velocities of ∼5.0 km s −1 . In contrast, P L2 is imaged on the SSE side with phase velocities of 5.5-5.7 km s −1 (also see Fig. A6 ). In addition, P HVLC appears on the SSE side with P-wave velocities (v p ) of 7.25 km s −1 but it is not observed on the NNW side. Furthermore, the P n1 phase is first observed as high-amplitude signals, indicating a relatively high-velocity gradient layer. The high-amplitude signals disappear at NNW side at offset −50 km, and they are not observed on stations further landwards, indicating that this layer terminates somewhere between distances 280-300 km. The reflection from its top boundary, which is termed P m1 P, is imaged on the SSE side. Phase P n is observed at far offsets.
On OBS 18 ( Fig. 7) , phases P L2 , P HVLC , P n1 and P n are imaged on both sides as first or recognizable second arrivals. For P HVLC , there is a change in velocity from 7.25-7.4 km s −1 in the NNW side to 6.95-7.3 km s −1 in the SSE side. The P n1 phase is observed on the SSE side at offset 60 km, but it no longer appears on the instruments farther seawards. This indicates that the layer producing the highamplitude signals terminates seawards of OBS 18 at a distance of ∼480 km.
R E S U LT S
Velocity model
The P-wave velocity model for Line 2 is shown in Fig. 8 . Sediments are divided into seven layers: S 1 to S 7 . Velocities within the sediments vary from 1.7 to 4.6 km s −1 . Layers S 2 , S 3 , S 5 and S 7 are relatively flat layers over the deep sea basin with a total thickness of ∼6 km, but they thin and pinch out on the continental slope and shelf. The average velocity of 4.5 km s −1 for the salt diapirs (S 6 ) is constrained by the OBS data ( Fig. 5 ) and is consistent with well-log results in Scotian Basin wells that penetrate the Argo Formation (Shimeld 2004) . The boundary of the salt units is taken from coincident MCS line 88-1A (Keen et al. 1991b) .
The continental crust has a maximum thickness of 36 km and is divided into upper, middle and lower crust with velocities of 5.5-5.7 km s −1 , 5.9-6.3 km s −1 , and 6.8-6.9 km s −1 , respectively. The continental crust thins gradually from the landward end of the line over a distance of 140 km. Most of the thinning occurs in the lower crust, while the total thickness of upper and middle crust is nearly constant. The upper crust may have included 1-3 km of carbonate rocks at the shelf break, based on results from Acadia K-52. Farther seawards, the continental crust thins rapidly from ∼30 km thick at distance of ∼140 km to ∼8 km thick at distance of ∼240 km. Seawards of ∼220 km, the upper crust has a fairly constant thickness of ∼4 km and its v p is reduced to 5.1 km s −1 . The FB between distance 290 and 330 km have v p of 5.0-5.5 km s −1 . The middle crust disappears beneath the salt diapir. The lower crust terminates beneath the FB.
Seawards of the FB, oceanic layer 2 (L 2 ) is first encountered with v p of 5.6-6.0 km s −1 . The variable basement topography is defined by the coincident MCS profiles 88-1A (Keen et al. 1991b ) and 89-11. Below layer 2, a thin layer (∼1 km thick) is initially observed with v p of 7.25-7.4 km s −1 . This layer is referred to as HVLC because the velocity is anomalously high, compared to that of a normal oceanic layer 3 (White et al. 1992) . Its possible interpretations are discussed in Section 5.2.3. This layer thickens to ∼3.5 km at the seaward end of the model where its v p decreases to 6.95-7.3 km s −1 , which is more typical of layer 3 (L 3 , Fig. 8 ).
A layer with v p of 7.6-7.95 km s −1 beneath highly thinned continental crust and oceanic crust extends from 280 to 480 km (Fig. 8) .
The maximum thickness of this layer is ∼4 km at the continentocean boundary (COB) with a velocity gradient of ∼0. 
Error analysis
The error analysis for individual phases is summarized in Table 1 . The model is constrained with a total rms misfit of 82 ms between the calculated and picked traveltime arrivals. The normalized χ 2 of 1.015 is close to the optimum value 1.0 where the traveltimes are fit within the pick uncertainty. The pick uncertainties were assigned according to the signal-to-noise ratio and varied typically between 30 and 200 ms, with a few uncertainties up to 400 ms. The 'resolution' parameter of model is shown Fig. 9 . A value of 1 indicates the model is perfectly parametrized, while a value of 0 suggests an uncontrolled model. Matrix diagonal values of >0.5 generally indicate reasonably well-constrained model parameters (Lutter & Nowack 1990) . Although the method fits the traveltime, the slope of the phases is also well determined for phases that can be identified over a significant lateral extent. The sedimentary layers S 2 -S 5 are well parametrized for both velocity and boundary nodes. The salt and uppermost sediment layer S 1 are poorly parametrized due to lack of ray coverage. Velocities for the upper continental crust, the serpentinized mantle and most of the normal mantle are well constrained. Some areas are less well constrained, such as the middle continental crust beneath the shelf edge and the landward part of the lower continental crust, where only limited refraction phases appear as clear arrivals. The velocities for the oceanic layer and the faulted blocks are also poorly parametrized due to the reduced ray coverage over this area caused by rough basement topography. The boundaries for upper continental crust and layer 2 and the HVLC layer are well parametrized while the middle and lower continental crust and Moho are less well constrained. These results were only based on the refraction data. However, the velocity model boundaries are better defined because the major reflections (e.g. basement and Moho) within the coincident MCS sections were used to constrain the model (lower panel, Fig. 9 ), but were not included in the error analysis.
Gravity modelling
To verify the consistency of the velocity model with the observed gravity data, 2-D gravity modelling (algorithm of Talwani et al. 1959 ) was performed along Line 2. The observed gravity data are the satellite-derived free-air gravity anomaly (Sandwell & Smith 1997) . The initial density model (Fig. 10b) was derived from conversion of P-wave velocity to density by using the empirical formula of Ludwig et al. (1970) . To fit the regional gravity background, a density of 3.33 Mg m −3 was used for the sub-continental mantle up to a distance of 249 km, whereas a mantle density of 3.31 Mg m −3 was used farther seawards. This is consistent with the gravity model for Line 1 . The density of the salt units was reduced from 2.4 to 2.15 Mg m −3 , which is consistent with measurements from Scotian Basin wells (Shimeld 2004) . With these adjustments, the calculated gravity fits the observed data with an overall misfit of ∼9 MGal (Fig. 10a) . Some larger misfit (∼20 MGal) occurs over the shelf edge and slope. Due to the fact that a larger region of salt is located just to the south and north of Line 2 than imaged along this profile (MacLean 1991), the local misfit between distances 250-280 km is probably related to additional local salt mass deficiency. The lithostatic pressure over the slope region at the depth of 40 km is slightly elevated to 1130 MPa, compared to an average of 1125 MPa for this profile (Fig. 10c) . To improve the fit over the shelf edge, an alternative model with the mantle 1.5 km shallower in this region (indicated by the dashed line in Fig. 10b ) reduces the misfit of gravity anomaly but it causes misfits of the OBS data (see Figs 4, A3 and A4). Other models that reduce the depths of upper or middle crust also improve the gravity fit but they also decrease the fit of OBS data in a similar way. Therefore, these models are not preferred. The misfit at the landward end of the model was not investigated further because there are no seismic constraints landward of the line. Several granitic intrusions are known onshore (Benn et al. 1997) and in the near offshore (Loncarevic et al. 1994) . Hence, some of the mass deficit at the landward end of the line might be related to lower density granites within the mid-crustal layer.
D I S C U S S I O N S
The rifted continental crust
The composite profile of MCS 88-1 and 88-1A converted from traveltime to depth using the velocity model shows that the velocity structure is consistent with the reflectivity (Fig. 11) . Landwards of the shelf break, the upper and middle crust is less reflective except for a few northwest dipping reflections (e.g. W 1 and W 2 ) which flatten and terminate at the top of the lower crust. These reflections could represent pre-rift or post-rift normal faults within the Meguma terrane (Keen et al. 1991b ). The velocity model indicates only minor crustal thinning coincident with the normal faults. This suggests that the northwest dipping fabric is more likely to be associated with the pre-rift structural grain although they may have been reactivated during rifting. While only a few reflections are observed in the middle crust, the lower crust is characterized by increased reflectivity, with the Moho following the base of a strong reflection band (M, Fig. 11 ). The initial crustal thinning seems to be mainly confined to the lower crust. The gently rising Moho reflection suggests that the crustal thinning begins at the northwestern end of the model, about 100 km farther landwards than previously predicted by subsidence analysis (Keen & Beaumont 1990 ). This will be discussed further in Section 5.3.2 (Fig. 8) by using the velocity-density relationship of Ludwig et al. (1970) . To fit the observed gravity anomaly in (a), the density for the upper mantle beneath the oceanic crust and highly thinned continental crust is reduced from 3.33 to 3.31 Mg m −3 across the dotted line, and salt density is reduced from 2.4 to 2.15 Mg m Seawards of the shelf break, the continental crust underwent an abrupt thinning beneath the hinge zone and southeast dipping reflections predominate (e.g. E 1 , E 2 ). Unlike the pre-existing fabric beneath the shelf, the abrupt thinning of the continental crust is accommodated along the seaward-dipping faults, penetrating through the crustal layers and terminating at the Moho boundary. The Moho reflection is weak but still recognizable in this area, indicating that the continental crust extends at least to the landward edge of the salt. Beyond this point, the Moho reflections become ambiguous and the crustal thinning in the reflection section can not be traced further seawards. The reflectivity below the Moho boundary is obscure in this region, but the velocity model shows that there is no addition of a high-velocity (7.0-7.8 km s −1 ) layer to the base of the abruptly thinned crust.
The ocean-continent transition (OCT) zone
The OCT zone in the velocity model extends from ∼280 to ∼480 km. Within the OCT, two anomalous velocity layers HVLC and PSM are overlain by continental crust in the NNW and oceanic crust in the SSE (Fig. 8) . The various layers are discussed below.
Thinned continental crust
The two upper layers in the OCT zone up to a distance of ∼330 km are highly thinned continental crust (Fig. 8) . This interpretation is based on the P-wave velocities derived from the OBS data and the characteristic basement reflectivity of the FB compared with basement structures elsewhere.
The OBS data indicate that the FB have a velocity of 5.0 km s −1 , which is almost the same as observed for the highly thinned continental crust beneath the slope (5.1 km s −1 ). In contrast, it is ∼0.6 km s −1 lower than that of the upper basement layer seawards. The velocity for the FB is less well constrained because only a limited number of refraction first-arrivals are observed due to the rough basement topography across this region. However, this velocity is consistent with earlier observations of 4.62-5.27 km s −1 along refraction line 78-3 (Keen & Cordsen 1981) passing through the same region (Fig. 2) . The velocities for the FB are more consistent with an interpretation of continental crust.
This interpretation is further supported by reflectivity of the FB (top, Fig. 12 ). Fanning reflectors against normal faults may indicate that layers are built up over a long period, while the preexisting strata are being faulted and rotated, as for deposition in a subsiding half-graben. The half-grabens are bounded by rotated fault blocks and show similar geometry and reflectivity to those formed within rift-related depositional basins (e.g. Barents Sea; Prosser 1993). These features support the interpretation based on the OBS data and suggest that the onset of seafloor spreading is located seawards of the faulted basement structure (discussed in Section 5.2.2).
This revises previous interpretations based on MCS profiles 88-1A (Salisbury & Keen 1993; Keen & Potter 1995a,b) . In their interpretations, the FB, based on the basement reflectivity and faulting, are interpreted as volcanic episodes at a slow-spreading ridge modified by tectonic rotation, and the COB lies at the seaward edge of the salt (Salisbury & Keen 1993) . However, it is unlikely for slow spreading seafloor to retain long-lasting off-axis volcanism for Keen et al. 1991b ) compared with line 1 on the Newfoundland rifted margin (middle panel, after Hopper et al. 2004 ) and mid-Labrador Sea MCS profile 902 (bottom, after Srivastava & Keen 1995; Louden et al. 1996) . Distances are referenced to the coincident velocity models. Double-arrows mark the location and horizontal region of basement structures, discussed in the text. Features marked by letters are F 2 -F 4 , listric normal faults bounding the highly faulted basement blocks; L, landward-dipping reflectors.
sufficiently long periods. The basement features of the FB are also different from those observed elsewhere on oceanic crust. In Fig. 12 , the FB blocks along 88-1A (Keen et al. 1991b ) are compared with those observed on the Newfoundland rifted margin (Hopper et al. 2004 ) and mid-Labrador Sea (Srivastava & Keen 1995) . The basement blocks observed on Line 2 (top, Fig. 12 Hopper et al. (2004) identified a region where volcanism dominated seafloor spreading. However, this example shows no faulting pattern bounding the oceanic basement blocks, and no fanning sequences of volcanic overflows within the separate volcanic episodes (middle, Fig. 12 ). Across the abandoned median valley of the Mid-Labrador Sea (Srivastava & Keen 1995) , which is rifting-dominated oceanic crust, even though the horizontal scale of the individual overflows (bottom, Fig. 12 ) is close to that observed on Line 2, no fanning reflectors are imaged within the volcanic units. This distinguishes the basement structures observed along Line 2 from those observed on oceanic crust across the Newfoundland rifted margin off Flemish Cap and the extinct spreading centre of the mid-Labrador Sea.
Oceanic crust
The upper basement layer seawards of the FB is interpreted to be oceanic crust (Fig. 8) . The P-wave velocities of 5.6-6.0 km s −1 are within the global velocity range for layer 2 (White et al. 1992) . In addition, a series of faults are imaged on MCS line 89-11, penetrating into the basement (F 5 -F 9 , Fig. 13 ). These faults result in a variable crustal thickness and irregular basement relief (e.g. H and N in Fig. 13 ), which is a typical representation of oceanic basement created by slow seafloor spreading (White et al. 1994) . The initial thickness just seawards of the FB is 3-3.5 km; it reduces to 2-3 km at the seaward end of the model. The thickness variation suggests that this layer may have been affected by faulting (see faults F 5 and F 6 in Fig. 13 ) and small-scale fracturing that would reduce the velocities at depth.
An alternative interpretation is that this layer could be exhumed upper mantle. Such a layer was observed on Line 1 across the northern Nova Scotia margin . However, the exposed serpentinized mantle layer on Line 1 is characterized by flat basement topography and constant thickness without major faults. The rough basement relief and the presence of major faults in the basement do not support an interpretation of an exposed mantle layer for the central Nova Scotia margin. In summary, initial oceanic crust accretes seawards of the highly thinned continental crust, with a sharp COB (Fig. 13) in the upper part of the OCT zone.
High-velocity lower crustal layer
The HVLC layer beneath the interpreted oceanic basement described above has velocities of 7.25-7.4 km s −1 , which decrease to 6.95-7.3 km s −1 at the seaward end of the model. The initially ∼1 km thick layer thickens gradually seawards to about 3.5 km. The seaward portion has velocities within the global range of 6.7-7.2 km s −1 for oceanic layer 3 (White et al. 1992) . The observed velocities at the landward side do not fall into the normal range of layer 3, although similar velocities are interpreted as layer 3 across the Labrador Sea (Osler & Louden 1995) .
The atypically high velocities suggest that the HVLC layer may consist of a mixture of mantle with some frozen mafic melt. Such a mix may result from incomplete separation of rising melt from mantle when surface cooling freezes the upwelling melt in the mantle. This is consistent with the mafic and ultramafic mix models where mantle material is incorporated within the lower oceanic crust at slow spreading rates (Cannat 1993; Sleep & Barth 1997) . The incomplete separation of rising melt reduces the bulk velocity of the upper mantle or seismically determined 'lower crust'. The seaward reduction of velocity is attributed to the increasing amount of separation of upwelling melt from ultramafic mantle.
Subsequent serpentinization may have further reduced the velocities and increased the velocity gradient as the amount of serpentinization reduces with depth. The faults through the episodic volcanic flows (F 5 -F 9 , Fig. 13 ) enable seawater to penetrate into and serpentinize the uppermost mantle. Provided the velocity reduction is entirely due to mantle serpentinization, the degree of serpentinization inferred from the observed P-wave velocities is <25 per cent (Miller & Christensen 1997) .
Another possible hypothesis for the origin of the anomalous velocities is a high temperature of partial melting followed by fractionation. However, this interpretation is not consistent with the reduced thickness of the HVLC layer. To create the anomalously high velocity (7.25-7.4 km s −1 ), a temperature anomaly of ∼300 • C would be required in the mantle, and more than 20 km thickness of igneous crust would be expected due to passive upwelling (White & McKenzie 1989; Korenaga et al. 2000) . In addition, the depth (<5 km beneath basement surface) of the HVLC layer is much shallower than the estimated depth of 20-35 km for the top of partial melting and fractionation below slow spreading mid-ocean ridge (Herzberg 2004) .
PSM layer
The bottom layer of the OCT zone is also an anomalous velocity layer. Its velocities (7.6-7.95 km s −1 ), compared to measurement of rock samples (Holbrook et al. 1992; Christensen & Mooney 1995) , fall into a range of possible rocks such as serpentinized peridorite, underplated material, or a mix of intrusion and mantle material. The observations discussed below, however, are more consistent with an interpretation of partially serpentinized upper mantle.
The PSM layer is first observed beneath the highly thinned continental crust where a series of faults penetrate through the overlying crust (F 1 -F 4 , Fig. 13 ). Rheological models show that mantle serpentinization occurs when the entire overlying crust lies within the brittle regime (Pérez-Gussinyé & Reston 2001), which is evidenced here by the major faults. These major faults allow circulation of seawater down to the uppermost mantle, by which the mantle rocks become serpentinized. Further seawards, an increasingly thinner PSM layer coincides with an increasingly thicker overlying basement (F 5 -F 9 , Fig. 13 ). The PSM layer pinches out eventually at ∼480 km when the overlying basement layer thickens to ∼6 km. Such a PSM layer underneath oceanic basement has been documented along the Flemish Cap margin (Funck et al. 2003) .
The reduced velocities (7.6-7.95 km s −1 ) in the PSM layer indicate <12 per cent of serpentinization (Miller & Christensen 1997 ). The P-wave velocities of the PSM in the OCT zone are well constrained, but its boundary with the underlying unaltered mantle is poorly parametrized (S, Fig. 9 ). This indicates that the boundary more likely represents a transition in the upper mantle from a relatively higher velocity gradient to a lower gradient with no velocity discontinuity. We compare the PSM with similar layers elsewhere. The velocities and gradients of this layer are similar to those of the bottom layer in the OCT zone across the southern Iberia Abyssal Plain, which are 7.6 km s −1 and ∼0.1 s −1 for velocity and gradient, respectively Dean et al. 2000) . The width and thickness of the lower layer are comparable, about 170 and 4 km, respectively, for these two margins. The velocities (6.4-7.7 km s −1 ) for the Labrador Sea-SW Greenland conjugates are lower than that observed along Line 2, and the thickness of the former (4-5 km; Chian et al. 1995a) is relatively greater than that of Line 2 (∼4 km). However, a higher velocity gradient (∼0.3 s −1 ) occurs for the Labrador Sea-SW Greenland margin conjugates, suggesting a higher degree of serpentinization; the overlying basement is also thinner (< 2 km; Chian et al. 1995a,b) .
Since the velocities also fall within the range of magmatically underplated material observed on volcanic margins, an alternative interpretation might be an underplated layer. This hypothesis is not favoured by comparing the velocity model and magnetic anomalies observed here with those for volcanic margins elsewhere. Firstly, the extremely high velocities of 7.6-7.95 km s −1 , if attributed to underplating, would require an extremely high melting temperature. The high temperature would produce a large amount of magmatic intrusion and underplating, such as the 12-to 15-km-thick underplated layer beneath the US East Coast margins (Holbrook & Kelemen 1993; Kelemen & Holbrook 1995) . In contrast, the PSM layer on Line 2 is only ∼4 km thick. In addition, this layer is ∼200 km across and its location is more than 100 km away from the hinge line. Both of these observations contradict crustal models for the US East Coast margins where a 100-km-wide layer of underplated rocks Figure 14 . A comparison of velocity models along Line 1 (upper panel, Funck et al. 2004) and Line 2 (lower panel). P-wave velocities are indicated by a colour scalar and numbers in the models (in km s −1 ). Abbreviation: HSM, exhumed and highly serpentinized upper mantle. Other features refer to Fig. 8. is located underneath the outer shelf (Holbrook & Kelemen 1993) . Furthermore, the underplated layer associated with SDR sequence along the US margin is observed beneath the ECMA (Talwani et al. 1995; Talwani & Abreu 2000) , while the PSM layer on Line 2 begins seawards of the ECMA and there are no observations of SDR sequences (Fig. 13) . Thus, the bottom layer along this margin segment is not related to the ECMA as it is on the US East Coast. Paleomagnetic data also suggest that the Triassic magmatism on land is only a brief coeval magmatic event which ceased well before continental break-up (Marzoli et al. 1999) . Based on the above comparisons, we conclude that the bottom layer observed along Line 2 is not produced by underplated rocks.
Another hypothesis is that the PSM layer could be a mix of mafic intrusion and unserpentinized mantle. This would occur if melt is frozen in the mantle by surface cooling, similar to the explanation of the HVLC layer. However, thermal models suggest that frozen melt due to surface cooling mostly occurs at shallow depths (e.g. ≤5 km) below the seafloor (Sleep & Barth 1997) . Furthermore, ultraslow mid-ocean ridge, such as the Gakkel Ridge (Jokat et al. 2003) and Southwest Indian Ridge (Minshull & White 1996; Muller et al. 1999 ), do not demonstrate a reduced velocity in the off-axis mantle. Therefore, such a hypothesis does not explain the reduced mantle velocities in the PSM layer.
Along-strike variations of margin
Fig. 14 compares the velocity model along Line 2 with that for Line 1 ). Both models indicate a non-volcanic character for the northeastern part of the Nova Scotia margin. Nonetheless, significant differences occur during the continental extension and the transition to seafloor spreading along the two margin segments. In the following sections, variations in crustal structure during the rift-to-drift transition and syn-rift crustal thinning are compared between the two velocity models and correlated with regional magnetic anomalies.
Rift-to-drift transition
The velocity models for Lines 1 and 2 show that both margin segments contain an OCT zone. The OCT zone of Line 2 consists of a PSM layer, overlain by highly faulted continental crust in the northwest and oceanic crust in the southeast. Thin oceanic crust forms immediately seawards of continental break-up. In contrast, the OCT zone of Line 1 comprises a 70-km-wide upper layer of exhumed and highly serpentinized mantle (HSM) overlying a PSM layer. This suggests that at the time of break-up, limited magma was generated across the central margin segment while no melt was created across the northern Nova Scotia margin. The PSM layer in the OCT zone of Line 1 is ∼6 km thick with velocities of 7.2-7.6 km s −1 ; the corresponding layer for Line 2 is less than 4 km thick with higher velocities of 7.6-7.95 km s −1 . This suggests a relatively low degree of mantle serpentinization along Line 2, and an increasingly higher percentage of serpentinized mantle towards Line 1. The oceanic crust for Line 1 is only ∼4 km thick compared with 7.1±0.8 km for normal oceanic crust (White et al. 1992) , indicating a magmastarved margin after initiation of seafloor spreading. Along Line 2, although the initial oceanic crust could be ∼4 km thick considering the mantle material incorporated to the HVLC layer, the oceanic crust at the seaward end has a more normal thickness of 5-7 km, which is 2-3 km thicker than on Line 1. The thickness variation also implies an increase of magma supply from the northern margin to the central margin. The preliminary results for Line 3 show an underplated lower crustal layer coinciding with the SDR sequence that is observed nearby on MCS profiles 89-3 and 4 (Keen & Potter 1995a) . This further suggests a continuing increase of volcanism towards the southern Nova Scotia margin, where the margin eventually changes its character from a non-volcanic margin to a volcanic margin.
Syn-rift crustal thinning
The thinning of the continental crust calculated from the velocity models in Fig. 15 also presents different features across the two margin segments. For Line 2, the continental crust underwent a few kilometres (∼5 km) of gradual thinning over the outer continental shelf, followed by a rapid thinning across the continental slope into the ocean basin (lower panel, Fig. 15 ). The limited initial crustal thinning for the Lahave Platform was not able to counteract the uplift resulting from the thinning of subcrustal lithosphere predicted by subsidence analysis (Keen & Beaumont 1990 ) and therefore, there was no space beneath the shelf edge area to accommodate thick sediments. In contrast, the continental crust along Line 1 is dramatically thinned right from the onset of rifting, followed by a gradual thinning to the ocean basin (upper panel, Fig. 15 ). The abrupt crustal thinning across the northern margin has given rise to a rapid subsidence and formation of the deep Sable Basin seawards of the hinge line.
The results are basically in agreement with estimates of thermalmechanical modelling for this margin (Keen & Beaumont 1990) . The thermal-mechanical models are primarily based on subsidence analysis of exploratory well data. These models predict a nonuniform thinning of crustal and subcrustal lithosphere across the Lahave Platform, which produced uplift and erosion, and a more uniform thinning across the Scotian Basin, which created subsidence at the onset of rifting (Fig. 15) . However, the velocity model shows that the crustal thinning along Line 2 occurs about 100 km farther landward compared to the results of the thermal-mechanical models (lower panel, Fig. 15 ). Provided that the result of the subcrustal lithospheric thinning (δ) is correct, we use the δ value and the crustal thinning (β) obtained from this experiment to calculate the subsidence through the non-uniform extension model of Royden & Keen (1980) . The resulting maximum uplift of ∼0.75 km across the central Nova Scotia margin is significantly less than estimates of ∼2 km from the thermal-mechanical model (Keen & Beaumont 1990) . In comparison, the crustal thinning for Line 1 starts 20-30 km further seawards and appears to be more rapid and abrupt over the slope area (upper panel, Fig. 15 ), indicating a deeper basin seawards of the hinge line compared to analysis of Keen & Beaumont (1990) .
Comparison with regional magnetic anomaly
Selected magnetic profiles from the US East Coast to the northern Nova Scotia margin are shown in Fig. 16 . The ECMA along the US East Coast margin is a broad anomaly of ±300 nT, which is thought to mark an igneous wedge created by voluminous magma intrusion and extrusion at the COB (Kelemen & Holbrook 1995; Talwani et al. 1995) . This anomaly becomes narrower and sharper as it approaches the southwest Nova Scotia margin (Fig. 16e-i) , Figure 16 . Selected magnetic profiles across the East Coast margin of North America. The upper six profiles (a-f) are taken from Oakey & Dehler (2004) and their locations are shown in Fig. 17 . The lowest three sections (g-i) are after Talwani et al. (1995) . The distances are with respect to the peak anomaly of ECMA (0 km). The positive anomalies are filled with black. The relative widths of the ECMA are defined by two dotted lines.
suggesting a narrower zone of volcanism. Further north of this region, the magnetic anomaly becomes broader and the amplitude decreases . The along-strike magnetic signature implies that the anomaly source changes its character between Line 3 and profile NS 2-3 (Figs 16 and 17) . The weak anomalies north of this region suggest that igneous material was not emplaced. This is consistent with the velocity models for Line 2 and Line 1 where no underplated material was identified within the transition zones.
The ECMA with reduced amplitude may be caused by the transition from highly thinned continental crust to serpentinized mantle rocks with different degrees of serpentinization. The ECMA along most of the margin up to MCS line 89-1 is roughly coincident with the distribution of the autochthonous salt (Shimeld 2004) , suggesting that the underlying basement should be continental. The velocity models show that the landward extent of the OCT zone on Lines 1 and 2 is roughly consistent with the seaward limit of the ECMA (Fig. 17) . Further offshore, a 'speckled' magnetic pattern correlates with oceanic crust. This suggests that the onset of the serpentinized transition zone is consistent with regional magnetic patterns. The subdued longer wavelength anomalies between the ECMA and the 'speckled' pattern are associated with either highly thinned continental crust (Line 2) or exposed and highly serpentinized upper mantle (Line 1, Funck et al. 2004) . Southwest of Line 2, the magnetic anomaly between the ECMA and the 'speckled' pattern is dominantly negative. A preliminary model for Line 3 indicates oceanic crust underlies most of the negative anomaly at the seaward end of the line ).
C O N C L U S I O N S
We have presented a P-wave velocity model derived from seismic refraction data across the central Nova Scotia margin. The crustal structure is divided into rifted continental crust, an OCT zone and oceanic crust. The maximum thickness of the continental crust is ∼36 km and it thins seawards to 5-6 km. Most of the thinning occurs over the slope region, while ∼5 km of crustal thinning occurs beneath the outer shelf. The FB are interpreted as the seaward-most continental fragments. The OCT zone contains a PSM layer, which extends from beneath the FB and ∼200 km farther seawards beneath initial oceanic crust. Oceanic crust with normal thickness of 5-7 km is observed at the seaward end of the line.
The results suggest several modifications to earlier interpretations. First of all, the thinned continental crust extends up to a highly faulted basement structure, which was previously interpreted to be oceanic. With the new interpretation, the COB is moved ∼50 km farther seawards. Furthermore, the velocity model shows that the initial continental thinning along Line 2 occurs ∼100 km farther landwards, compared to results of earlier thermal-mechanical models. Fig. 1 for references) . Dashed lines are magnetic profiles extracted from the magnetic map and shown in Fig. 16 . OBS 11 and OBS 14 are annotated for reference. The thick white line marks the seaward boundary of the autochthonous salt (Shimeld 2004) . The dot-dashed line marks the landward limit of the serpentinized mantle. The dotted line marks the landward limit of the 'speckled' magnetic anomaly pattern, which is roughly coincident with the onset of the oceanic crustal accretion in this area. The magnetic lineation at the right lower corner represents magnetic anomalies M21 and M16 (Barrett & Keen 1976; Klitgord & Schouten 1986 ).
The velocity model shows no evidence for a magmatic underplated layer beneath the continental crust, suggesting primarily nonvolcanic rifting across the central Nova Scotia margin. The highamplitude of the magnetic anomaly related to the excessive volcanism south of the Nova Scotia margin does not extend further north along most of the margin. Compared to the magma-starved margin segment along Line 1 to the northeast, the results on Line 2 indicate a normal melt supply after continental break up. Although the melt generation along these margin segments farther to the south may have been affected by extensive volcanism, we suggest that the entire Nova Scotia margin, except for the southernmost part near Georges Bank, is non-volcanic in character.
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We thank the scientists, technicians and all individuals onboard the CCGS HUDSON who helped carry out the seismic experiment in 2001. . Record section for OBS 5 (hydrophone component). OBS 5 is located at the shelf edge. On this record section, P c1 and P c2 and their corresponding reflection phases P c1 P and P c2 P are observed. P m P imaged at far offsets. P n is less clear at offsets around −140 km. Figure A3 . Record section for OBS 7 (vertical geophone component). On this OBS, P c1 and P c2 and their corresponding reflections P c1 P and P c2 P are observed. P m P is imaged at offsets from −40 to −182 km. P n is distorted by salt diapirs but is identifiable at offsets 50-100 km. Figure A4 . Record section for OBS 8 (hydrophone component). The record section shows P c1 and weak P c2 and P c3 phases of the crustal layers beneath the slope area where most thinning of the continental crust occurs (distance 150-250 km). P m P and its multiple from offsets −40 to −180 km provide constraints for the Moho geometry beneath the slope area. Figure A5 . Record section for OBS 10 (hydrophone component). OBS 10 is located at over the salt diapir structure. Refraction from the salt units (P s6 ) is observed. Phase P c1 is disturbed by the irregular geometry of the salt diapirs. Phase P c3 is imaged on the SSE side at offsets 20-50 km and is weak but identifiable on the NNW side from −30 to −40 km. P m P is observed at offsets 20-60 km and P n is observed at far offsets. Figure A6 . Record section with for OBS 15 (vertical geophone component). Phases P L2 , P HVLC , P n1 and P n are imaged on both sides as first or recognizable second arrivals. The reflection P m1 P from the base of the HVLC layer appears at the SSE side at offsets 40-60 km. Figure A7 . Record section with for OBS 17 (vertical geophone component). Phases P L2 and P HVLC are imaged as first or recognizable second arrivals. Reflection P m1 P and refraction Phase P n1 are observed on both sides. P n is observed at far offsets. Figure A8 . Record section for OBS 21 (hydrophone component). OBS 21 is located at the seaward end of the profile. Phases P L2 and P HVLC are weakly imaged. Mantle refraction (P n ) is observed at far offsets between −75 and −100 km as recognizable arrivals.
